Off the coast of Patagonia, Argentina, crab species such as the Southern Ocean swimming crab Ovalipes trimaculatus and the Patagonian stone crab Platyxanthus patagonicus are considered fishing resources of commercial value. Although in Argentina the commercialization of crabs is incipient, in the last years it began to generate interest due to the consumer acceptance of the crab meat. Thermal treatment of crabs must be sufficient to denature muscle proteins, facilitating meat detachment from the crab shell, however, excessive heat exposure is associated to texture deterioration. The objectives of the present work were: a) to mathematically simulate the energy transfer during the thermal process of crabs using a finite element computational code; b) to determine the denaturation kinetics of proteins during heating c) to establish the degree of denaturation achieved by the myofibrillar proteins during the heating process by coupling the protein denaturation kinetics, the activation energies and the thermal penetration curves. Crabs were captured by SCUBA diving manual and trapping on the sea of Golfo Nuevo, Argentina. They were transferred alive to the laboratory, and sectioned in body and claws. These parts were thermally treated in controlled temperature water baths at 70, 80, 90, 100ºC, during 20 seconds and 25 minutes. Time-temperature curves were recorded by using inserted thermocouples. The heat transfer process was mathematically modeled, considering the irregular geometry of the system; the heat transfer partial differential equation was numerically solved using finite elements (Comsol Multiphysics). The denaturation kinetics of the thermal treated myofibrillar proteins was determined using Differential Scanning Calorimetry (DSC). DSC thermograms of raw crab muscle revealed the presence of two peaks: T max1 =49.02°C (myosin) and T max2 =77.47ºC (actin). The kinetic coefficients of myofribillar protein denaturation were determined at different temperatures and activation energies were 145.70 KJ/mol for myosin and 156.42 KJ/mol for actin. The degree of denaturation achieved by the myofibrillar proteins in the heating process was determined by coupling the protein denaturation kinetics, the activation energies and the thermal penetration curves. This information allowed the development of the technological process for both species for an effective marketing of the products.
Introduction
As a result of declining the traditional fishery resources in the last years, the fishing industry started to take interest in new marine species of the Patagonian coast still underutilized. In the Chubut coastline (Argentina, 42°-43° S, 64º-65º W) are two abundant species of crabs and are recognized as valuable fishing resources. While crabs worldwide represent the livelihood of several fisheries, such as USA, Russia and Japan, where their capture reaches values of thousands of tons [1] , in Argentina its marketing is poor. However, there is an increasing interest due to the high acceptance of the meat and the high commercial value attained in the market which makes its socioeconomic importance highlighted in the fisheries sector. The industrialization process of these species to obtain a final competitive product requires various industrial operations starting with the good quality of raw material. Among the most important features in their industrialization is that muscle tissue is attached to the shell, thus it is essential a preliminary heat treatment to detach it. As established by the Codex Alimentarius, crabs must stay alive until processing, since after death, their meat undergoes fast irreversible alterations of enzymatic, chemical and microbiological origins.
The Codex Alimentarius recommends, that the heating action "must take place over a sufficient period for the thermal center reaches temperatures that produce the proteins clotting. While the penetration of heat must be sufficient to denature muscle proteins, exposure to excessive heat can lead to dehydration, with the deterioration associated to the texture, gelation of the proteins [2] or the formation of ammonia products that give an unpleasant smell to the meat [3] ; in contrast, if the heat transfer process is suitable, it facilitates the detachment of the meat from the exoskeleton forming a gel easily removable.
The objectives of the present work were: a) to mathematically simulate the energy transfer during the thermal process of crabs using a finite element computational code; b) to determine the denaturation kinetics of proteins during heating c) to establish the degree of denaturation achieved by the myofibrillar proteins during the heating process by coupling the protein denaturation kinetics, the activation energies and the thermal penetration curves.
Materials & Methods
Two crab species, the Southern Ocean swimming crab Ovalipes trimaculatus and the Patagonian stone crab Platyxanthus patagonicus were caught by SCUBA diving and trapping in Golfo Nuevo, Patagonia-Argentina and transported alive to the laboratory; after carapace and viscera removal they were sectioned and separated in body and claws. These parts were thermally treated simulating heating industrial conditions by immersing in a temperature controlled water bath at 70, 80, 90 and 100ºC. Timetemperature curves were recorded by using thermocouples (type K) inserted in the center of each body part, for both geometries.
The heat transfer process was mathematically modeled, considering the irregular geometry of the body; the heat transfer partial differential equation was numerically solved using finite elements [4] (Comsol Multiphysics Software). The non-stationary partial differential equation representing heat conduction was solved considering a heterogeneous system of irregular geometry (body of revolution) formed by domains of different materials: meat and an external calcareous layer.
(1)
Thermo-physical properties of the meat tissue and the calcareous layer ( =density, k= thermal conductivity and Cp= specific heat), were fed into the software; convective boundary conditions were considered.
Differential Scanning Calorimetry (DSC) (TA Instruments DSC Q100) was used to determine the kinetics of denaturation of muscle proteins on small samples without temperature gradients, which were thermally treated in water at 60, 70, 80, 90 and 100°C with immersion times ranging between 2 s and 15 min. Control and thermally treated muscle samples were heated in the DSC between 10º and 110ºC at a rate of 10°C/min in hermetically sealed aluminum pans; runs were performed in quintuplicate for both species. DSC measures the enthalpy ( H) of unfolding due to heat denaturation. Proteins are in equilibrium between the native (folded) conformation and their denatured (unfolded) state. The higher the thermal transition midpoint (T m ), when 50% of the biomolecules are unfolded, the more stable the molecule. From the DSC thermograms of the raw muscle samples (control, without thermal treatment) denaturation temperatures and enthalpies of the endothermic peaks corresponding to actin and myosin were determined. Measurements of the changes in the areas of these peaks along the thermal treatment allowed the determination of the kinetics of protein denaturation at different temperatures, Arrhenius activation energies were calculated for actin and myosin. This information was coupled to the thermal histories in order to determine the degree of protein denaturation reached in the heating process.
Results & Discussion

Mathematical modeling of the heat transfer process
For the computer code, the body geometry was considered irregular and heterogeneous and was solved as a body of revolution; the claws were assimilated to a cylindrical regular geometry.
The thermo-physical properties used in the computational model are: in the case of the tissue muscle, density =966 kg/m 3 , specific heat =3.758 J/kg K and thermal conductivity =0.56 W/m K. For the calcareous layer: density =2.7x10 3 kg/m 3 ; specific heat 806.62 J/kg K and thermal conductivity =3.89 W/m K. The computer code model was validated with time-temperature experimental data carried out in duplicates. Thermal treatments were performed by immersing body and claws in controlled temperature water baths at 70, 80, 90, 100ºC, during time periods of 900 s for the bodies and large claws (P. patagonicus, 100 mm-125 mm length), and 500 s for small claws (O. trimaculates, 40 -50mm length). The simulated curves satisfactorily agreed with the experimental time-temperature data (Fig. 1). 
Thermal denaturation of crab muscle proteins
DSC thermograms of raw crab muscle (control) showed two peaks; differences in the obtained values of the peak temperatures and enthalpies were non significant for both crab species (ANOVA test, P>0.05).Average values are reported: Tmax 1 = 49.02°C; H 1 = 0.117 J / g for myosin and Tmax 2 = 77.47ºC, H 2 = 0.460 J/g for actin (Fig. 2) . Heat denaturation of proteins can often be described by a first-order reaction. First order kinetic constants for the denaturation of the myofibrillar proteins actin and myosin were calculated for each assayed heating temperature according to: (2) where: Po/P represents the ratio between the initial native concentration of protein and the native protein concentration after a heating time (t) at a constant temperature T .
The kinetic constants of protein denaturation at different temperatures were determined from the analysis of the changes in the peak areas of the thermograms for heat treated samples at different times and temperatures (Fig. 2) . By applying Arrhenius equation to the kinetic constants evaluated at different temperatures, activation energies were estimated for actin and myosin as shown in Figure 3 . The calculated activation energies were 145.70 kJ / mol for the myosin and 156.42 KJ / mol for actin. 
Degree of protein denaturation reached by the system
The degree of denaturation achieved by the myofibrillar proteins in the heating process was determined by coupling the protein denaturation kinetics, the activation energy values previously calculated and the thermal penetration curves.
The concentration of native protein (P) in a defined point of the system, can be calculated using Eq. 3 that takes into account the thermal history of the sample T(t). Experimental time-temperature data or the predicted T(t) curves given by the validated heat transfer model can be introduced into Eq. 2 .
(3)
Integration of Eq. (3) leads to :
Equation (4) was discretized and numerically integrated as follows:
where T(ti) is the temperature at time ti in a fixed point of the system and t is the selected time interval for the discretization process.
Experimental heat penetration curves such as those shown in Figure 1 were introduced in Eq. (5) to determine the degree of denaturation achieved by the myofibrillar proteins. The percentage of denatured protein was calculated as: 1 -(P / Po) * 100.
In this way the percentages of protein denaturation achieved by the body and claws at different heating times were determined at the different tested temperatures. 
Conclusions
Heat transfer in crabs (body and claws) was mathematically modeled and numerically solved using the finite element method considering systems of irregular geometry and heterogeneous composition. The kinetics of protein denaturation in crab muscle was determined by Differential scanning Calorimetry. By coupling the activation energy of protein denaturation and the heat penetration curves, the degree of denaturation achieved by myofibrillar proteins during heating was established.
The results may help in determining the optimal heating time in the process of industrialization of these crustaceans
